Acupuncture therapy has been proved to be effective for diverse diseases, symptoms, and conditions in numerous clinical trials. The growing popularity of acupuncture therapy has triggered the development of modern acupuncture-like stimulation devices (ASDs), which are equivalent or superior to manual acupuncture with respect to safety, decreased risk of infection, and facilitation of clinical trials. Here, we aim to summarize the research on modern ASDs, with a focus on featured devices undergoing active research and their effectiveness and target symptoms, along with annual publication rates. We searched the popular electronic databases Medline, PubMed, the Cochrane Library, and Web of Science, and analyzed English-language studies on humans. Thereby, a total of 728 studies were identified, of which 195 studies met our inclusion criteria. Electrical stimulators were found to be the earliest and most widely studied devices (133 articles), followed by laser (44 articles), magnetic (16 articles), and ultrasound (2 articles) stimulators. A total of 114 studies used randomized controlled trials, and 109 studies reported therapeutic benefits. The majority of the studies (32%) focused on analgesia and pain-relief effects, followed by effects on brain activity (16%). All types of the reviewed ASDs were associated with increasing annual publication trends; specifically, the annual growth in publications regarding noninvasive stimulation methods was more rapid than that regarding invasive methods. Based on this observation, we anticipate that the noninvasive or minimally invasive ASDs will become more popular in acupuncture therapy.
Introduction
Stimulation of acupoints and meridians has been an important therapeutic modality in traditional Eastern medicine, and it has also become popular in the West, as its clinical effectiveness has been demonstrated through extensive research.
Clinical effectiveness of acupuncture has widely been studied during the past four decades. [2] [3] [4] [5] [6] In addition to the demonstrated effectiveness of traditional acupuncture practices, increased demand has arisen for the development of modern acupuncture-like stimulation devices (ASDs), which are simpler to quantify and standardize and are less dependent on the manipulation techniques of individual clinicians.
The first modern ASD dates back to the early 1950s, which was based on electrical stimulation (ES). 7, 8 In addition to its long history, ES is the most extensively studied ASD. 9 Recently, however, several types of ASDs have extensively been studied for their clinical effectiveness and noninferiority to manual acupuncture, including laser stimulation (LS) 10 and magnetic stimulation (MS). 11 In this review, we summarize recent studies of popular ASDs. We first describe the most popular types of ASDs, discuss their clinical effectiveness and target symptoms, and finally, discuss the annual research trends regarding popular ASDs.
Methods
To analyze the popularity and features of methods for stimulation of acupoints, we searched for studies in the Medline, PubMed, Cochrane Library, and Web of Science electronic databases from their inception to June 2014. First, we searched for studies related to acupuncture or acupoint stimulation, which yielded > 22,000 studies, of which approximately 20,000 were redundant. Among the latter studies, approximately 3000 were related to moxibustion, 1600 to massage (or acupressure), 200 to the cupping method, 5400 to ES, 900 to LS, 700 to MS, and 300 to ultrasound stimulation (US). To narrow the search scope to ASDs, we refined the search to [(acupoint* or "acupuncture point*" or meridian*) and (stimul* or irritat* or excit* or response or respon* or react* or reflex or measur* or diagnos*) and (electric* electro* or magnet* or infrared or IR or laser or ultraviolet or UV or ultraso*) not (rat or monkey or dog or pig or cat or mouse or mice or rabbit or rodent*)]. We excluded laboratory experiments on animals, studies that were not written in English, and reviews. We searched 728 articles obtained from the electronic databases, excluding 489 articles that included studies on animals, manual acupuncture-only clinical trials, non-English-language articles, and review articles by screening the titles and abstracts. A total of 44 studies were excluded from the selected 239 articles because of duplication. Finally, 195 studies met the inclusion criteria and were evaluated in detail. The topics of these 195 articles were ES (133) , LS (44) , MS (16) , and US (2), as shown in Fig. 1 . Prior to describing the results of the detailed analysis, we introduce the features and research history of ES, LS, MS, and US in the following sections.
Electrical stimulation
Low electrical impedance and high conductance are recognized as typical electrical properties of acupoints and meridians. [12] [13] [14] In the Western hemisphere, the electrical properties of acupoints and meridians have been investigated since the 1950s. In 1958, Niboyet and Mery 15 reported the points with low skin impedance using the Wheatstone bridge, whereas in 1962, Kramar 16 showed that acupoints have high capacitance compared with neighboring points. Voll 7 devised an ES device to apply to acupoints and meridians, thereby establishing a method that was called "electroacupuncture according to Voll ." This method of Voll 7 greatly stimulated clinical and research activities associated with ES at acupoints and meridians. In the East in 1956, Nakatani 8 reported that electrical pathways connected the points with low skin resistance and named them "Ryodoraku." Today, ES can be classified into five types: electroacupuncture (EA), transcutaneous electrical acupoint stimulation (TEAS), auricular electroacupuncture (AEA), transcutaneous electrical nerve stimulation (TENS), and electrical heat acupuncture (EHA). EA is an electrical, minimally invasive stimulation technique applied to acupoints. TEAS is an electrical, noninvasive stimulation technique applied to acupoints. AEA is a subtype of EA applied to acupoints of the ear. TENS is an electrical, noninvasive stimulation technique applied to the nervous system (nonacupoints). EHA is similar to EA with the exception that a needle heated by an electric current is used at acupoints. Of the 133 articles on ES, 54 pertained to EA, 69 to TEAS, six to AEA, three to TENS, and one to EHA. To simplify the discussion, we categorized ES into EAs and TEASs, where EAs represented all invasive techniques, such as EA, AEA, and EHA, and TEASs included all noninvasive techniques, such as TEAS, auricular TEAS, and TENS.
Laser stimulation
Studied since the 1970s, LS is used to expose acupoints of the human body to low-energy laser beams. A review article 17 noted that studies using LS were conducted between 1970 and 1972 in the USSR. Nevertheless, Friedrich Plog's 18 study published in 1976 is well known as the first report of implementation of LS at acupoints. Since the 1980s, LS has been recognized as an effective method for stimulating acupoints without needles. Applications of LS at acupoints were mostly described as noninvasive in the studies reviewed, with only a few being described as invasive. Here, we do not distinguish invasive techniques from noninvasive stimulation.
Magnetic and ultrasonic stimulation
MS is used to access the body's magnetic fields by stimulating acupoints, and MS of acupoints has been studied since the 1970s. Transcranial magnetic stimulation is one of the most frequently used MSs and was introduced by Barker 19 in 1985.
In 1980, Inoue 20 applied for a patent for a device used for MS of body acupoints, and in 1982, Katayama 21 reported the meridian magnetic analgesia of acupuncture stimulation (published in Japanese). The MS used in all 16 papers consisted of noninvasive stimulations at acupoints. US is used to irritate acupoints using a narrow, cylindrical, high-frequency beam of sound. Characteristics of phonation and sound transmission in meridians were reported in the 1980s, and a study on US of acupoints was published by Jin 22 in 1984. Only two studies that we identified in the electronic databases were relevant.
Results
The aforementioned four types of ASDs were classified into the following 13 categories according to the stimulation purposes: (a) analgesic effect; (b) pain relief; (c) physiological change; (d) improvement of the alimentary system; (e) prevention of nausea and vomiting; (f) recovery of muscle fatigue or improvement of muscle strength; (g) reduction of body weight; (h) treatment of depression; (i) treatment of addiction, such as addiction to tobacco, narcotics, and alcohol; (j) treatment of stroke; (k) treatment of various diseases; (l) characteristics of stimulation; and (m) brain activity. Fig. 2 shows how the four types of ASDs were distributed between the 13 categories for research purposes. It also shows the ratio of randomized controlled trials (RCTs) to efficacies for the 13 categories. The numbers shown in the uppermost boxes in Fig. 2 signify the numbers of articles. The numbers of overlapping articles are shown in parentheses under the 13 categories of the four ASDs, and the numbers in parentheses below the efficacy (%) are presented when the efficacy was unclear.
To investigate the effectiveness of ASDs, we analyzed the efficacy of each stimulation type through the articles reporting effectiveness. The effectiveness of ES was stated in the fields of analgesic effect (94.7%), pain relief (90.9%), and reduction of nausea and vomiting (90.9%) based on the sample size of > 1000 trials. Based on the sample size of > 100 trials, ES was shown to be effective in improving the alimentary system (100%), improving muscle strength (100%), reducing body weight (100%), treating various addictions (60%), and treating stroke (100%), whereas LS was effective for pain relief (62.5%) and treating various addictions (100%). Based on a sample size of <100 trials, ES was shown to be a therapeutic possibility in various diseases such as orthostatic intolerance, autism spectrum disorders, supratentorial craniotomy, tinnitus, asthma, dyspnea, distress, and anxiety. LS presented potential in the treatment of nausea and vomiting, depression, menopausal symptoms, cholecystitis, renal failure, head injury, and interstitial cystitis. MS was a possible treatment for muscle and diving fatigue, whereas US demonstrated potential for relieving pain.
Analgesic effect
All the studies that reported an analgesic effect are shown in Table 1 . Twelve articles reported an analgesic effect using TEASs, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] seven articles reported an analgesic effect using EAs, [35] [36] [37] [38] [39] [40] [41] and two articles discussed LS. 42, 43 A total of 834 individuals received TEASs to enable estimation of the analgesic effect of their clinical application using RCTs, and all articles reported that the TEASs had an analgesic or hypoalgesic effect or decreased opioid requirements. A total of 348 individuals received EAs, and an effect of the EAs on analgesia, sedation, hypoalgesia, pre-emptive analgesia, and reduction of analgesic requirements was found in 334 patients. In 20 individuals who received acupressure, manual acupuncture (MA), and LS, a sedative effect was observed, and an anesthetic effect was observed in 60 individuals who received LS. Two of the 21 papers 39, 43 reported no significant analgesic effect of the EAs and LS.
Pain relief
As shown in Table 2 , presenting the studies reporting the effect on pain relief, 15 articles reported using TEASs, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] EAs were used in 18 studies, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] other acupoint stimulations such as US were used in one study, 77 and LS was used in eight studies. [78] [79] [80] [81] [82] [83] [84] [85] TEASs and EAs were compared in a total of 872 individuals to evaluate their effect on pain relief. Both had an effect on pain relief in two studies; however, the effect of EAs was reported to be superior to that of TEASs in one study. Of 1046 individuals who received TEASs, 926 experienced relief or a reduction in various types of pain. Of the 877 individuals who received EAs, 628 also experienced pain relief. Of the 435 individuals who received LS, 230 experienced relief of dysmenorrhea pain or carpal tunnel syndrome pain, whereas 50 individuals who received US experienced an effect on short-term segmental antinociception. Six of the 42 papers 44, 47, 64, 79, 82, 84 reported no statistically significant effect on pain relief when TEASs, LS, EAs, LS combined with paracetamol and chlormezanone, and LS were applied to the acupoints of study participants.
Treatments of the alimentary system
As summarized in Table 3 , ES (TEASs and EAs) was the primary ASD method for treating digestive disorders. Of these studies, seven that investigated TEAS [86] [87] [88] [89] [90] [91] [92] and three that evaluated EA [93] [94] [95] comprise this category. In total, 149 individuals who received TEAS experienced a beneficial effect on the alimentary system, as did 68 individuals who received EA. No study reported statistically insignificant results regarding stimulation of the alimentary system.
Prevention of nausea and vomiting
All the studies shown in Table 4 employed ASDs for the prevention of nausea and vomiting. ES was primarily applied for the prevention or treatment of nausea and vomiting, except for one study that used LS for this purpose. TEAS was the main method used for preventing nausea and vomiting: we retrieved nine articles on TEAS, 96-104 two on EA, 105, 106 and one on LS. 107 A total of 830 individuals who received TEAS experienced an effect on prevention, reduction, or treatment of postoperative nausea and vomiting and nausea or vomiting. A total of 224 individuals who received EA also experienced either the same effect or controlled emesis, whereas 40 individuals who received LS experienced a decrease in the incidence of vomiting. We observed that TEAS has been steadily applied in the prevention of nausea and vomiting, and exceeded EA in the number of clinical studies since 2003. This finding implies that the effectiveness of TEAS in preventing nausea and vomiting has been confirmed, and that TEAS was preferred to EA because of the infection risk and pain due to the use of needles with EA.
Improvement of the muscle system
Studies regarding ASDs that were related to the recovery of muscle fatigue or improvement of muscle strength are shown in Table 5 . MS and ES were used to reduce muscle fatigue or improve muscle strength. This category included two studies on MS 108, 109 and five studies 110-114 on ES. The two MS studies, which were conducted by the same research group, reported the effective recovery of muscle fatigue. One study 109 reported better performance of MS than TEAS with respect to the therapeutic effect on muscle fatigue, and we expect more studies to validate this report.
Reduction in body weight
All the papers investigating the reduction in body weight were associated with ES, as shown in Table 6 . EAs 115, 118, 119 and TEASs 116, 117 were applied to facilitate the reduction in body weight. One study 117 stated that TEAS was as effective as EA in weight reduction. A total of 193 individuals who received ES experienced a reduction in body weight or fat, and an improvement in body mass index or body composition. All the studies reporting on the reduction in body weight claimed significant effects. More studies are required to substantiate the effectiveness of ES for body weight reduction. 
Treatment of depression, addiction, and stroke
Two studies investigating the treatment of depression using LS, 120, 121 five studies evaluating the treatment of various addictions (i.e., alcoholism and addictions to tobacco and narcotics) using ES [122] [123] [124] and LS, 125, 126 and four studies examining the treatment of stroke using ES [127] [128] [129] [130] are shown in Tables 7-9 , respectively. LS was used by a research group to treat depression 120, 121 , whereas two studies used ES devices 123, 124 , one used LS 125 to treat tobacco dependence, one used an ES device in the treatment of drug abuse, 122 and one used LS to treat alcoholism. 126 Five studies showed that the use of ES and that of LS for treating various addictions were appropriate treatment adjuncts. ES was applied for treating stroke in four studies. All the studies in which stroke was treated, including treatment with a combination therapy consisting of TEAS and task-related training, reported treatment efficacy of TEAS or EA based on clinical trials involving 421 individuals. These results showed that ES is feasible for treating stroke. All the studies in these three categories claimed beneficial effects on the treatment of depression, various addictions, or stroke.
Physiological changes, diverse diseases, miscellaneous characteristics, and brain activities
All the papers regarding ASDs that induced physiological changes, treated various diseases, affected miscellaneous characteristics, and induced brain activities are shown in Tables 10-13, respectively. Most studies in these categories were focused on phenomenological observations or consisted of a small number of clinical trials. Many more case studies are required to demonstrate the effects of ASDs on diverse diseases. These various investigations may expand the application of modern ASDs. Due to the limited scope of this review, we did not further investigate the diverse aspects of these studies.
Discussion
EAs, which are invasive types of ES, were the first and most intensively studied modern applications of ASDs. Recently, the number of publications regarding the clinical effectiveness of noninvasive stimulations, such as TEAS, LS, MS, and US, has been increasing (Fig. 3) . The increase is more substantial for noninvasive acupuncture-like techniques, most likely due to the growing demands for painless acupuncture or acupoint stimulations. Among the 195 articles analyzed, the studies involving ES (EAs and TEASs) predominated (133 articles, 68%), followed by LS studies (44 articles, 23%). Studies involving MS (16 articles, 8%) or US (2 articles, 1%) were less common. The publication of ES studies has steadily increased since the early 2000s, whereas LS and MS showed similar increment patterns with delayed start-up points (i.e., the increases began in 2009 and 2011, respectively). Despite its long history, ES had a steady but limited publication rate prior to 2000, whereas during the 1980s and 1990s, the number of publications on ES remained between zero article and two articles per year. Fig. 4 shows the yearly publications of invasive (EAs) and noninvasive (TEASs) ES techniques. The total number of studies was similar between EAs (63 articles) and TEASs (70 articles). However, differences were observed in the number of publications per year; the publications associated with TEASs showed a steady increase over time, which is in contrast to the stable annual publication pattern of EAs. Notably, the number of TEAS publications surpassed that of EAs in 2010. Specifically, TEASs were studied more than EAs over the past 5 years in the context of diseases with high therapeutic benefits, such as analgesic effect, pain relief, improvement of the alimentary system, and prevention of nausea and vomiting. The rising popularity of TEASs is presumably due to the increasing needs of the studies were focused on pain and analgesia, which is similar to the percentage of MA studies focused on pain and analgesia.
The effectiveness analysis showed that the effectiveness of ES with respect to the analgesic effect, pain relief, and reduction of nausea and vomiting was confirmed by clinical trials involving > 1000 individuals and many RCTs. Based on clinical trials involving > 100 individuals, ES was effective in improving the alimentary system, improving muscle strength, reducing body weight, and treating stroke. Likewise, LS was shown to be useful for providing pain relief and in treating various addictions. Interestingly, the addiction treatment effect was confirmed by LS studies but not by ES studies.
Limitations
Our review is based on the four most influential databases, specifically Medline, PubMed, Cochrane Library, and Web of Science; moreover, we primarily analyzed Science Citation Index (SCI) or Science Citation Index Expanded (SCI-E) journal articles. The advantage of this approach is the inclusion of quality-guaranteed articles only. Laboratory experiments on animals, MA-only clinical trials, non-English-language articles, and review articles were excluded from the analysis. The details regarding device specifications or interventional designs, including stimulation strength, duration and interval, and patient and environmental conditions, were not analyzed due to space limitations. 
Conclusions
In the past decade, modern ASDs have been studied extensively for their clinical effectiveness and to test equivalence or noninferiority with traditional MA. Among the modern ASDs, ES was found to be most widely studied, and its popularity was sequentially followed by LS, MS, and US. Specifically, EAs, which are invasive types of ES, were the first and most intensively studied types of ASDs, whereas TEASs, which are noninvasive types of ES, have surpassed EAs in publication number since 2010. Very recently, noninvasive techniques, such as TEASs, LS, MS, and US have gained research attention, as evidenced by increasing annual publications. The most extensively studied treatment effects were for analgesia and pain relief, whereas rapid growth has occurred in the research field of the effects of treatments on brain activities. The overall quality of the study designs was moderate, as 58% of the studies were based on RCTs and 96% of the RCT-based outcomes reported therapeutic benefits. ES was effective in providing an analgesic effect, pain relief, and a reduction of nausea and vomiting, based on clinical trials involving > 1000 individuals. Based on > 100 clinical trials, ES was shown to be effective in improving the alimentary system, improving muscle strength, reducing body weight, and treating stroke. LS was effective in pain relief and for treating various addictions. We anticipate more studies on the therapeutic effects of ASDs, particularly concerning noninvasive methods, to meet the growing needs of guaranteed safety, decreased risk of infection, decreased pain, and improved convenience.
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